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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to exposure to dichloromethane.
It is not intended to be a comprehensive treatise on the chemical or toxicological nature of
dichloromethane.

The intent of Section 6, Major Conclusions in the Characterization of Hazard and Dose
Response, is to present the major conclusions reached in the derivation of the reference dose,
reference concentration and cancer assessment, where applicable, and to characterize the overall
confidence in the quantitative and qualitative aspects of hazard and dose response by addressing
the quality of data and related uncertainties. The discussion is intended to convey the limitations
of the assessment and to aid and guide the risk assessor in the ensuing steps of the risk
assessment process.

For other general information about this assessment or other questions relating to IRIS,
the reader is referred to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or
hotline.iris@epa.gov (email address).

XX



AUTHORS, CONTRIBUTORS, AND REVIEWERS

CHEMICAL MANAGERS

Glinda S. Cooper, Ph.D.

Ambuja S. Bale, Ph.D., DABT

National Center for Environmental Assessment
Office of Research and Development

U.S. Environmental Protection Agency
Washington, DC

AUTHORS

Glinda S. Cooper, Ph.D.

Ambuja S. Bale, Ph.D., DABT

Paul Schlosser, Ph.D.

National Center for Environmental Assessment
Office of Research and Development

U.S. Environmental Protection Agency
Washington, DC

CONTRIBUTORS

Gene (Ching-Hung) Hsu, Ph.D., DABT

Andrew Rooney, Ph.D.

Formerly of the National Center for Environmental Assessment
Office of Research and Development

Allan Marcus, Ph.D.

National Center for Environmental Assessment
Office of Research and Development

U.S. Environmental Protection

John C. Lipscomb, Ph.D., DABT

National Center for Environmental Assessment
Office of Research and Development

U.S. Environmental Protection Agency
Cincinnati, OH

David Eastmond, Ph.D.

Environmental Toxicology Graduate Program
University of California, Riverside

Riverside, CA

XXi



CONTRACTOR SUPPORT

Peter McClure, Ph.D., DABT
Michael Lumpkin, Ph.D.
Fernando Llados, Ph.D.

Mark Osier, Ph.D., DABT
Daniel Plewak, B.S.

Syracuse Research Corporation
Syracuse, NY

Elizabeth Dupree Ellis, Ph.D.

Oak Ridge Institute for Science and Education
Center for Epidemiologic Research

Oak Ridge, TN

REVIEWERS

This document has been provided for review to EPA scientists, interagency reviewers
from other federal agencies and White House offices, and the public, and peer reviewed by
independent scientists external to EPA. A summary and EPA’s disposition of the comments
received from the independent external peer reviewers and from the public is included in
Appendix A.

INTERNAL EPA REVIEWERS

Ghazi Dannan, Ph.D.

Catherine Gibbons, Ph.D.

Karen Hogan, M.S.

Jennifer Jinot, Ph.D.

Paul White

Samantha Jones, Ph.D.

Jamie Strong, Ph.D.

National Center for Environmental Assessment
Office of Research and Development

U.S. Environmental Protection Agency

David Herr, Ph.D.

National Health and Environmental Effect Research Laboratory
Office of Research and Development

U.S. Environmental Protection Agency

EXTERNAL PEER REVIEWERS
James V. Bruckner, Ph.D.

Department of Pharmaceutical and Biomedical Sciences, College of Pharmacy
University of Georgia

XXii



David W. Gaylor, Ph.D.
Gaylor and Associates, LLC

Lisa M. Kamendulis, Ph.D.
Department of Pharmacology and Toxicology, Division of Toxicology
Indiana University School of Medicine

Kannan Krishnan, Ph.D.
Département de santé environnementale et santé au travail, Faculté de médicine
Université de Montréal

Harihara M. Mehendale, Ph.D.
Department of Toxicology, College of Pharmacy
The University of Louisiana at Monroe

Martha M. Moore, Ph.D.
National Center for Toxicological Research
U.S. Food and Drug Administration

Andrew G. Salmon, D.Phil.

Air Toxicology and Epidemiology Branch, Office of Environmental Health Hazard Assessment
California Environmental Protection Agency

XXiii



1. INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IR1S) Summary of the hazard and dose-response assessment of
dichloromethane. IRIS Summaries may include oral reference dose (RfD) and inhalation
reference concentration (RfC) values for chronic and other exposure durations, and a
carcinogenicity assessment.

The RfD and RfC, if derived, provide quantitative information for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed threshold)
mode of action. The RfD (expressed in units of mg/kg-day) is defined as an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. The inhalation RfC (expressed in units of mg/m°) is
analogous to the oral RfD, but provides a continuous inhalation exposure estimate. The
inhalation RfC considers toxic effects for both the respiratory system (portal-of-entry) and for
effects peripheral to the respiratory system (extrarespiratory or systemic effects). Reference
values are generally derived for chronic exposures (up to a lifetime), but may also be derived for
acute (<24 hours), short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of
lifetime) exposure durations, all of which are derived based on an assumption of continuous
exposure throughout the duration specified. Unless specified otherwise, the RfD and RfC are
derived for chronic exposure duration.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question and quantitative estimates of risk from oral and inhalation
exposure may be derived. The information includes a weight-of-evidence judgment of the
likelihood that the agent is a human carcinogen and the conditions under which the carcinogenic
effects may be expressed. Quantitative risk estimates may be derived from the application of a
low-dose extrapolation procedure. If derived, the oral slope factor is a plausible upper bound on
the estimate of risk per mg/kg-day of oral exposure. Similarly, an inhalation unit risk is a
plausible upper bound on the estimate of risk per pug/m® air breathed.

Development of these hazard identification and dose-response assessments for
dichloromethane has followed the general guidelines for risk assessment as set forth by the
National Research Council (NRC, 1983). EPA Guidelines and Risk Assessment Forum
Technical Panel Reports that may have been used in the development of this assessment include
the following: Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA
1986b), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986a), Recommendations for
and Documentation of Biological Values for Use in Risk Assessment (U.S. EPA, 1988b),
Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Interim Policy for
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Particle Size and Limit Concentration Issues in Inhalation Toxicity Studies (Whalan and Redden,

1994), Methods for Derivation of Inhalation Reference Concentrations and Application of
Inhalation Dosimetry (U.S. EPA, 1994), Use of the Benchmark Dose Approach in Health Risk
Assessment (U.S. EPA, 1995), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA
1996), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998), Science Policy Council
Handbook: Risk Characterization (U.S. EPA, 2000b), Benchmark Dose Technical Guidance
Document (U.S. EPA, 2000a), Supplementary Guidance for Conducting Health Risk Assessment
of Chemical Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and Reference
Concentration Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S.
EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA
2006b), and A Framework for Assessing Health Risk of Environmental Exposures to Children
(U.S. EPA, 2006a).

The literature search strategy employed for dichloromethane was based on the chemical
name, Chemical Abstracts Service Registry Number (CASRN), and multiple common
synonyms. Any pertinent scientific information submitted by the public to the IRIS Submission
Desk was also considered in the development of this document. Primary, peer-literature
identified through September 2011 was included where that literature was determined to be
critical to the assessment. The relevant literature included publications on dichloromethane that
were identified through Toxicology Literature Online (TOXLINE), PubMed, the Toxic
Substance Control Act Test Submission Database (TSCATS), the Registry of Toxic Effects of
Chemical Substances (RTECS), the Chemical Carcinogenesis Research Information System
(CCRIS), the Developmental and Reproductive Toxicology/Environmental Teratology
Information Center (DART/ETIC), the Hazardous Substances Data Bank (HSDB), the Genetic
Toxicology Data Bank (GENE-TOX), Chemical abstracts, and Current Contents. Other peer-
reviewed information, including health assessments developed by other organizations, review
articles, and independent analyses of the health effects data were retrieved and may be included
in the assessment where appropriate. It should be noted that references have been added to the
Toxicological Review after the external peer review in response to peer reviewers’ comments
and for the sake of completeness. These references have not changed the overall qualitative and
quantitative conclusions. See Section 7 for a list of references added after peer review.
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2. CHEMICAL AND PHYSICAL INFORMATION

Dichloromethane is a colorless liquid with a penetrating, ether-like odor (Lewis, 1997).

Selected chemical and physical properties of dichloromethane are listed in Table 2-1.

Table 2-1. Physical properties and chemical identity of dichloromethane

methyl bichloride

Physical property/chemical identity Reference
CAS number 75-09-2 Lide (2000)
Synonyms Methylene chloride, methylene dichloride, [O’Neil et al. (2001)

Molecular weight 84.93 O’Neil et al. (2001)
Chemical formula CH,CI, O’Neil et al. (2001)
Boiling point 40°C Lide (2000)

Melting point -95.1°C Lide (2000)

Vapor pressure 1.15 x 10 mm Hg at 25°C Boublik et al. (1984)
Density 1.3266 g/mL at 20°C Lide (2000)

Vapor density 2.93 (air = 1.02) Holbrook (2003)

Water solubility

1.30 x 10* mg/L at 25°C

Horvath (1982)

Other solubility

Miscible in ethanol, ether, and
dimethylformamide; soluble in carbon
tetrachloride

IARC (1999)

Partition coefficient log Kow =1.25 Hansch et al. (1995)
Flash point Not flammable U.S. Coast Guard (1999)
Auto ignition temperature 640°C Holbrook (2003)

Latent heat of vaporization 3.30 x 10° J/kg U.S. Coast Guard (1999)
Heat of fusion 16.89 cal/g U.S. Coast Guard (1999)
Critical temperature 245.0°C Holbrook (2003)

Critical pressure 6.171 x 10° Pa Holbrook (2003)
Viscosity 0.430 cP at 20°C Lewis (1997)

Henry’s law constant

3.25 x 10 atm m*/mol at 25°C

Leighton and Calo (1981)

OH reaction rate constant

1.42 x 10 cm®/molecule sec at 25°C

Atkinson (1989)

Chemical structure

|
CI—C|3—CI

H

Dichloromethane is produced by two methods of manufacturing (IARC, 1999). The

older method involves the direct reaction of methane with chlorine either at high temperatures or

at lower temperatures under catalytic or photolytic conditions (Holbrook, 2003). The more

! “Dichloromethane” is used throughout this summary even if a specific paper used the term “methylene chloride.”
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common method used today involves an initial reaction of hydrochloric acid with methanol to
yield methyl chloride. Excess methyl chloride is then reacted in the gas phase thermally with
chlorine to produce dichloromethane (Holbrook, 2003). This process can also be carried out
catalytically or photolytically.

Dichloromethane became an important industrial chemical in the United States during
World War 1l (Hardie, 1964). Dichloromethane has been used in paint strippers and removers,
as a propellant in aerosols, in the manufacture of drugs, pharmaceuticals, film coatings,
electronics, and polyurethane foam, and as a metal-cleaning solvent. Dichloromethane can also
be used in the decaffeination process of coffee and tea (ATSDR, 2000). The U.S. production
was 3.8 million pounds in 1941 and 8.3 million pounds in 1944 (Searles and McPhail, 1949).
Dichloromethane production rose sharply in the decades following the war due to the increased
demand for this substance for use mainly in paint strippers (Hardie, 1964; Searles and McPhail,
1949). U.S. production in 1947, 1955, 1960, and 1962 was approximately 19, 74, 113, and
144 million pounds, respectively (Hardie, 1964; Searles and McPhail, 1949). As other solvent
uses and its use in aerosol propellants became important, demand for this substance increased
further (Anthony, 1979). Dichloromethane production continued to rise dramatically through the
1970s; production capacities were 520 million pounds in 1973 and 830 million pounds in 1979
(CMR, 1979, 1973).

After 1980, production of dichloromethane began to decline. Production capacities fell
from 722 million pounds in 1982 to 465 million pounds in 1997 (CMR, 1997, 1982). The total
U.S. production capacity for dichloromethane in 2000 was 535 million pounds (CMR, 2000).
The demand for dichloromethane decreased from 600 million pounds in 1979 to 200 million
pounds in 1999 (CMR, 2000, 1979). The decline in production of and demand for
dichloromethane over the past 2 decades has been attributed to increased regulation, the use of
alternative chemicals in aerosol spray cans, and concern over dichloromethane carcinogenicity
(Holbrook, 2003; ATSDR, 2000).

Dichloromethane in the environment will partition mainly to air (HSDB, 2003). In air,
dichloromethane exists as a vapor. Some of the dichloromethane released to soil or water is
expected to volatilize to air. In soil, dichloromethane is expected to be highly mobile and may
migrate to groundwater. The potential for dichloromethane to bioconcentrate in aquatic or
marine organisms is low. Dichloromethane may biodegrade in soil or water under both aerobic
and anaerobic conditions.
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3. TOXICOKINETICS

3.1. ABSORPTION
3.1.1. Oral—Gastrointestinal Tract Absorption

There are currently no data available on absorption of dichloromethane following oral
intake in humans. However, after oral administration in animals, dichloromethane is rapidly and
nearly completely absorbed in the gastrointestinal tract (Angelo et al., 1986a, b; McKenna and

Zempel, 1981). Angelo et al. (1986b) reported that, following administration of single
radiolabeled oral doses (10, 50, or 200 mg/kg) to mature male F344 rats, 97% of the label was
detected in the exhaled air within 24 hours, indicating near complete absorption. At several time
points within 40 minutes of dose administration, <2% of the dose was found in the lower part of
the gastrointestinal tract, indicating that the majority of dichloromethane absorption occurs in the
upper gastrointestinal tract (Angelo et al., 1986b). Similar results were reported in mature male
B6C3F; mice exposed to up to 50 mg/kg (Angelo et al., 1986a). In mature male Sprague-
Dawley rats administered a single dose (1 or 50 mg/kg) of radiolabeled dichloromethane, <1% of
the label was found in feces collected for 48 hours after dose administration (McKenna and
Zempel, 1981). Absorption of dichloromethane generally follows first-order kinetics (Angelo et
al., 1986a) and freely passes through phospholipid cell membranes by passive diffusion. The
vehicle appears to affect the rate but not the extent of gastrointestinal absorption, with an

aqueous Vvehicle resulting in a more rapid absorption of dichloromethane than an oil-based
vehicle (Angelo et al., 1986a).

3.1.2. Inhalation—Respiratory Tract Absorption

Several studies in humans have demonstrated absorption of dichloromethane following
inhalation exposure. In a study by Astrand et al. (1975), 14 male volunteers (ages 19-29) were
exposed to about 870 mg/m® (250 ppm) or 1,740 mg/m?® (500 ppm) for 30 minutes while resting
or exercising on a bicycle ergometer. There was a pause of about 20 minutes without exposure
between rest and exercise periods. Uptake of dichloromethane was estimated at about 55%
while resting and about 40, 30, and 35% at respective workloads of 50, 100, and 150 watts®.
Blood levels of dichloromethane correlated directly with exposure concentrations, and did not
appear to increase when a workload was applied (Astrand et al., 1975). Similar reports of rapid

uptake and a direct correlation between dichloromethane exposure level and blood levels in
humans have been presented by other groups (DiVincenzo and Kaplan, 1981; DiVincenzo et al.,
1971).

%A watt is the International System Unit of power and is equal to 1 joule of energy per second. It is a measure of the
rate of energy use or production (i.e., the exercise effort that was exerted by the individuals in the study).
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With extended (> 1-2 hours) exposure, uptake tends to reach a steady-state level, at
which point blood dichloromethane levels remain more or less constant (DiVincenzo and
Kaplan, 1981; DiVincenzo et al., 1972; Riley et al., 1966). DiVincenzo et al. (1972) reported
that in humans exposed to 100 or 200 ppm dichloromethane for 2 hours (without physical
exercise), dichloromethane was rapidly absorbed, reaching an approximate steady state as
assessed by levels of unchanged dichloromethane in the expired air within the first 15—

30 minutes of exposure. A later study by the same group (DiVincenzo and Kaplan, 1981)
similarly reported a rapid absorption of dichloromethane in volunteers exposed to 50-200 ppm

for 7.5 hours on each of 5 consecutive days. A steady-state level, as assessed by levels of
unchanged dichloromethane in the expired air, was reached quickly (1-2 hours), with exhaled
dichloromethane levels increasing with increasing exposure level. A similar pattern was seen
with blood dichloromethane levels. Estimated pulmonary uptake was 69-75% and did not vary
appreciably with exposure concentration. In another experiment in which one of the
investigators was seated during exposure to 100 ppm dichloromethane for 2 hours,
concentrations of dichloromethane in expired air reached an apparent plateau of about 70 ppm
within the first hour of exposure (Riley et al., 1966).

Body fat may influence absorption of dichloromethane, as evidenced by data from an
experiment involving 12 men, ages 21-35, divided into two groups (n = 6 per group) based on
percent body fat (Engstrom and Bjurstrom, 1977). The mean percent body fat in the leaner
group was 7.8% (standard error of the mean [SEM] 1.9), range 2.3-13.6%, compared with
25.1% (SEM 2.8), range 18.3-36.2%, in the more overweight group. Total uptake of
dichloromethane during a light exercise period (50 watts) for 1 hour with an exposure level of
750 ppm was positively correlated with percent body fat (r = 0.81), and the estimated amount of
dichloromethane in fat storage was also correlated with percent body fat (r = 0.84).

A pattern of absorption similar to that seen in humans has been seen in animals. Initially,
dichloromethane is readily absorbed following inhalation exposure, as evidenced by rapid
appearance of dichloromethane in blood, tissues, and expired air (Withey and Karpinski, 1985;
Stott and McKenna, 1984; Anders and Sunram, 1982; Carlsson and Hultengren, 1975; Roth et
al., 1975). For example, absorption of inhaled 500 ppm dichloromethane in anesthetized, mature
male F344 rats reached an apparent plateau within 10-20 minutes and was relatively constant for
up to 2 hours (Stott and McKenna, 1984). In these experiments, absorption was calculated from
measurements of exposure (nose only) and effluent concentrations and ventilation flow rate in

intact animals; double tracheostomized rats were used to measure absorption in the isolated
upper respiratory tract and the lower respiratory tract. At a ventilation rate of 53 mL/minute,
absorption expressed as mean percentage of dichloromethane available for absorption was 44%
(standard deviation [SD] 10) in rats, 13.2% (SD 3.6) in the upper respiratory tract, and 37% (SD
4.1) in the lower respiratory tract.
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3.2. DISTRIBUTION

Results from studies of animals show that, following absorption, dichloromethane is
rapidly distributed throughout the body and has been detected in all tissues that have been
evaluated. Twenty minutes after a single intravenous dose of 10 mg [**C]-dichloromethane/kg to
mature male B6C3F; mice (Angelo et al., 1986a), total label was greatest in the liver
(6.72 ng-equivalents/g tissue), with lower levels reported in the lung (1.82 pg-equivalents/g
tissue), kidney (1.84 ng-equivalents/g tissue), and the remainder of the carcass
(1.90 pg-equivalents/g tissue). By 4 hours post administration, levels in the liver had fallen to
3.08 pg-equivalents/g tissue, lung levels were 0.64 ug-equivalents/g tissue, and carcass levels
were 0.23 ng-equivalents/g tissue. The levels in the kidney rose sharply in the first hour
postexposure but then fell and remained steady at ~1.60 pg-equivalents/g tissue for the
remaining 3 hours of the study (Angelo et al., 1986a). McKenna et al. (1982) exposed groups of
mature male Sprague-Dawley rats to 50, 500, or 1,500 ppm [**C]-labeled dichloromethane for
6 hours and examined tissues at 48 hours for presence of radiolabel; results are shown in

Table 3-1. The greatest concentration of label was found in the liver, followed by the kidney and
lung.

Table 3-1. Distribution of radioactivity in tissues 48 hours after inhalation
exposure of mature male Sprague-Dawley rats (n = 3) for 6 hours

Mean * SD, pg-equivalent dichloromethane/g tissue, by exposure level

Tissue 50 ppm 500 ppm 1,500 ppm
Liver 84+15 35.6+75 442+35
Kidney 3.3+0.1 16.2+24 30.5+£0.2
Lung 19+0.2 110+£13 165+ 1.6
Brain 0.8+0.3 42+13 6.7+0.2
Epididymal fat 05+0.2 6.5+0.5 41+09
Skeletal muscle 1.1+£01 44+19 7.7+£0.7
Testes 11+0.2 55+1.3 81105
Whole blood 11+0.2 81+19 89+17
Remaining carcass 1.3+£0.2 59+09 86+1.4

Source: McKenna et al. (1982).

As noted in the preceding section, body fat may affect the uptake of dichloromethane,
and there is also evidence of a relationship between adiposity and dichloromethane storage. In
the study by Engstrom and Bjurstrom (1977) involving 12 men, ages 21-35, exposed to 750 ppm
dichloromethane during a 1-hour light exercise (50 watts) period, dichloromethane was measured
in body fat biopsy specimens at 1, 2, 3, and 4 hours postexposure. All specimens were taken
from the buttocks. The concentration of dichloromethane (per gram tissue) was negatively
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correlated with percent body fat, but the total estimated amount of dichloromethane in fat tissue
4 hours postexposure was higher in subjects with a higher amount of fat (r = 0.84).

Carlsson and Hultengren (1975) exposed groups of 10 mature male Sprague-Dawley rats
to [**C]-dichloromethane for 1 hour at a mean concentration of 1,935 mg/m? (557 ppm) and SD
of 90 mg/m® (26 ppm). The initial levels were highest in the white adipose tissue (approximately
80 pg dichloromethane per gram tissue) compared with approximately 35, 20, and 5 pg-
equivalent dichloromethane/g tissue in the liver, kidney and adrenal glands, and brain,
respectively. These initial levels in the adipose quickly fell to <10 pg-equivalent
dichloromethane/g tissue; more moderate declines were seen in the other tissues.

With acute 6-hour exposure scenarios, peak exposure concentrations during the exposure
period may have a greater influence on dichloromethane levels in the brain and perirenal fat than
time-weighted average (TWA) concentrations (Savolainen et al., 1981). In rats exposed over a
6-hour period for 5 days/week to a TWA of 1,000 ppm dichloromethane consisting of two 1-hour
peak concentrations (2,800 ppm) interspersed with exposure to 100 ppm, levels of dichloro-
methane in the brain were threefold higher (p < 0.001) than corresponding levels in rats exposed
to constant levels of 1,000 ppm; a twofold increased risk was seen in the dichloromethane levels
in perirenal fat after 1 week of exposure (p < 0.001), but this difference was much smaller after
2 weeks of exposure. This difference was not seen with blood carbon monoxide (CO) levels
(Table 3-2). With constant exposure concentrations of 500 or 1,000 ppm, perirenal fat levels of
dichloromethane approximately doubled following 2 weeks of exposure compared with 1 week
of exposure, indicating that some storage of dichloromethane in fat tissue can occur with
repeated exposure scenarios (Table 3-2). In contrast, brain levels of dichloromethane in rats
exposed for 1 week were higher than brain levels in rats exposed for 2 weeks. One possible
explanation of these observations is that there is an induction of enzymes involved in
dichloromethane metabolism in liver and other tissues with repeated exposure, and
dichloromethane in fat is poorly metabolized.
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Table 3-2. Brain and perirenal fat dichloromethane and blood CO
concentrations in male Wistar rats exposed by inhalation to
dichloromethane at constant exposure concentrations compared with
intermittently high exposure concentrations

Exposure wks

Exposure level® 1 | 2 1 ‘ 2 1 | 2
(TWA, ppm) Brain (nmol/g) Perirenal fat (nmol/g) Blood CO (nmol/g)
Control 0 0 0 0 40+ 15 30+£10
500, constant 3017 9+3 436 + 47 918 + 215 675+ 195 781 £ 62
1,000, constant 33+2 14+3 1,316 £ 209 | 2,171 + 219 876 £ 80 825+ 56
1,000, with two 1-hr 111 +18° 50 +15° |2,295 + 147" | 2,431 + 146 728+ 84 873+90
peaks of 2,800 ppm

®Groups of five rats were exposed to 0, 50, or 1,000 ppm 6 hours/day or 100 ppm interspersed with two 1-hour
Eeaks of 2,800 ppm for 5 days/week for 1 or 2 weeks. Tissue concentration values are mean + SD.

Difference between 1,000 ppm TWA constant exposure, p < 0.001; t-test calculated by EPA using sample size,
mean and SD as provided by Savolainen et al. (1981).

Source: Savolainen et al. (1981).

Placental transfer. Dichloromethane is capable of crossing the placental barrier and
entering the fetal circulation. Anders and Sunram (1982) reported that when pregnant Sprague-
Dawley rats (n = 3) were exposed to 500 ppm dichloromethane for 1 hour on gestational day
(GD) 21, mean maternal blood levels were 176 nmol/mL (SEM 50), while fetal levels were
115 nmol/mL (SEM 40). The levels of CO, a metabolite of dichloromethane, were similar in
both the maternal blood (167 nmol/mL, SEM 12) and fetal blood (160 nmol/mL, SEM 31).
Withey and Karpinski (1985) also reported higher maternal compared with fetal dichloromethane
levels based on a study of five pregnant Sprague-Dawley rats exposed to 107-2,961 ppm of
dichloromethane. Maternal blood levels of dichloromethane were 2-2.5-fold higher than those
found in the fetal circulation.

Blood-brain barrier transfer. Dichloromethane is thought to readily transfer across the
blood-brain barrier by passive diffusion, as evidenced by the detection of radioactivity in brain
tissue 48 hours after exposures of rats to radiolabeled dichloromethane at concentrations of 50,
500, or 1,500 ppm for 6 hours (McKenna et al., 1982) (see Table 3-1), and by the historical
demonstrations that dichloromethane has transient sedative and anesthetic properties in humans
[for review of these reports, see Mattsson et al. (1990) and Winneke (1974)]. Dichloromethane
is no longer used as an anesthetic gas because the margin between anesthetic and lethal doses is
narrow (Winneke, 1974).

3.3. METABOLISM
Metabolism of dichloromethane involves two primary pathways, outlined in Figure 3-1
(ATSDR, 2000; Guengerich, 1997; Hashmi et al., 1994; Gargas et al., 1986). Dichloromethane
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is metabolized to CO in a cytochrome P450 (CYP)-dependent oxidative pathway that is
predominant at low exposure levels. The CYP-related pathway results in the addition of oxygen,
followed by spontaneous rearrangement to formyl chloride and then to CO; each spontaneous
rearrangement releases H* and CI” ions. At higher exposure levels, the CYP pathway becomes
saturated and a second pathway begins to predominate. Glutathione S-transferase
(GST)-catalyzed addition of glutathione (GSH) is the initial step in this pathway. The
replacement of one of the chlorine atoms with the S-glutathione group results in formation of
S-(chloromethyl)glutathione and the release of H" and CI” ions. Hydration of S-(chloromethyl)-
glutathione results in an S-glutathionyl methanol molecule, which can spontaneously form
formaldehyde or rearrange to form an S-glutathione formaldehyde molecule, and then further
rearrange to formate. Both formaldehyde and formate can then be further metabolized to CO..

Dichloromethane

|
GS} l CYP2E1
G! cl N\
H—C—H 0
GS PEON
S-(chloromethyl) Cl H \
glutathione ) co
Formyl Chloride .
o) Carbon Monoxide
Cl) H | | (minor pathway) 1) \l/
-—— o~ N
H-G-H > H C'H | COHb
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S-glutathionyl methanol l/ |_|| J,
0 l
g Co, \L
G-S H co,
\

o
(! Formic acid —> CO,
-~ ~
OH H

Adapted from: ATSDR (2000); Guengerich (1997); Hashmi et al. (1994); Gargas
et al. (1986).

Figure 3-1. Proposed pathways for dichloromethane metabolism.

As described in the following discussion of the CYP- and GST-mediated metabolism,
these two pathways effectively compete for the available dichloromethane. Because
dichloromethane binds to the CYP reaction site with higher affinity than the GST site, most of
the dichloromethane is metabolized by CYP at lower exposure levels. As the available CYP
enzyme becomes saturated at higher exposure levels more dichloromethane is left available for
binding to the lower-affinity GST metabolic site, and the proportion metabolized by GST
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increases. Both pathways are expected to operate, however, even at low exposures. At low
substrate concentrations, the rates of enzyme-catalyzed reactions are determined by the
probability of molecular collision between the substrate and enzyme active site and the
probability of the subsequent reaction step (versus possible release of the unreacted substrate
molecule from the site). This joint probability is directly proportional to, or first order in, the
concentrations of the substrate(s) and enzyme. In particular, as long as GSH, GST, and
dichloromethane are present at non-zero concentrations, the probability of these molecular
collisions and transformations will be non-zero, hence the rate of the GST-mediated reaction will
be non-zero.

Exposure to other agents may shift the balance between the pathways. For example,
pretreatment with compounds that deplete GSH (e.g., buthionine sulfoximine, diethylmaleate,
phorone) resulted in an increase in blood carboxyhemoglobin (COHDb) levels following a single
injection of dichloromethane compared to animals that did not receive GSH depletion, indicating
a shift to the CYP pathway (Oh et al., 2002). Similarly, co-exposure to agents that compete for
CYP2EL1 results in a shift toward the GST pathway and away from CO production (Lehnebach et
al., 1995; Pankow and Jagielki, 1993; Pankow et al., 1991a; Pankow et al., 1991b; Glatzel et al.,
1987; Roth et al., 1975).

3.3.1. The CYP2EL1 Pathway

There is considerable evidence of the importance of the CYP2E1 metabolic pathway in
studies in animals (Oh et al., 2002; Wirkner et al., 1997; Kim and Kim, 1996; Lehnebach et al.,
1995; Pankow et al., 1991a; Pankow et al., 1991b; Pankow and Hoffmann, 1989; Pankow, 1988;
Glatzel et al., 1987; Angelo et al., 19864, b; Landry et al., 1983; Anders and Sunram, 1982;
McKenna et al., 1982; McKenna and Zempel, 1981; Rodkey and Collison, 1977; Carlsson and
Hultengren, 1975; Roth et al., 1975; Fodor et al., 1973) and humans (Takeshita et al., 2000;
DiVincenzo and Kaplan, 1981; Astrand et al., 1975). These studies demonstrate that exposure to
dichloromethane, regardless of exposure route, results in the formation of CO, as assessed by
measurement of elevated levels of CO in expired air and increased levels of COHb in the blood.

The first step in the CYP2EL pathway is the formation of formyl chloride (Figure 3-1).
Watanabe and Guengerich (2006) conducted a series of studies to investigate the downstream
metabolites of formyl chloride and reported only marginal (3% maximum at pH 9) formation of
S-formyl GSH from formyl chloride in the presence of GSH. Therefore, most (>97%) of the
formyl chloride is metabolized further to CO. Furthermore, CO formation from formyl chloride
was independent of GSH presence in the assay.

Results from numerous studies in rats in which CYP2E1 metabolism was blocked or
induced indicate that the generation of CO occurs as a result of metabolism of dichloromethane
by the CYP2EL1 pathway (Figure 3-1). Co-exposure of rats to a high dose of ethanol
(174 mmol/kg) and dichloromethane (1.6, 6.2, 15.6 mmol/kg) resulted in no increase in blood
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COHb, indicating that the metabolic pathway for CO formation had been either blocked or
saturated (Glatzel et al., 1987). Similar results have been seen with coadministration of other
known CYP substrates, including diethyldithiocarbamate (Lehnebach et al., 1995), methanol
(Pankow and Jagielki, 1993), benzene, toluene, and three xylene isomers (Pankow et al., 1991b).
Pretreatment of animals with CYP inducers (e.g., benzene, toluene, xylenes, methanol,
isoniazid), particularly those that induce CYP2EL, resulted in an increased level of CO formation
as assessed by COHb formation or measurement in expired air following single exposures to
dichloromethane (Kim and Kim, 1996; Pankow and Jagielki, 1993; Pankow et al., 1991b;
Pankow and Hoffmann, 1989; Pankow, 1988). Pretreatment with disulfiram, a CYP2E1 blocker,
resulted in a complete lack of formation of COHb following dichloromethane exposure,
indicating that CYP2EL1 is the isozyme responsible for metabolism of dichloromethane (Kim and
Kim, 1996).

Evidence in hamster and rat studies suggests that the CYP2E1 pathway becomes
saturated at high dichloromethane exposure levels; comparable data from studies in mice were
not found. In hamsters, mean COHb percentages were elevated to a similar degree (about 28—
30%, compared with <1% in controls) in three groups exposed by inhalation to 500, 1,500, or
3,500 ppm dichloromethane for 6 hours (Burek et al., 1984). After 21 months of exposure by
this protocol, COHb percentages in the three exposure groups remained similarly elevated,
indicative of saturation of the CYP2EL pathway in hamsters at exposure levels >500 ppm and a
lack of accumulation of dichloromethane and CYP2E1 metabolites with chronic exposure.
McKenna et al. (1982) found that blood COHb levels in rats increased when inhalation exposure
concentration was increased from 50 to 500 ppm but that similar levels of COHb were reported
following exposure to 1,500 ppm as following exposure to 500 ppm; the peak blood COHb
percentages were approximately 10%. In rats exposed to 0, 50, 200, or 500 ppm 6 hours/day,

5 days/week for 2 years, mean COHb percentages were 2.2, 6.5, 12.5, and 13.7%, respectively,
suggesting that saturation of the CYP2E1 pathway is approached at 200 ppm (Nitschke et al.,
1988a). In male F344 rats exposed for 4 hours to dichloromethane concentrations of about 150,
300, 600, 1,000, and 2,000 ppm, mean COHb percentages (estimated from a figure) were about
4% at 150 ppm and about 8% at each of the four higher exposure concentrations (Gargas et al.,
1986). McKenna and Zempel (1981) reported that increasing the oral dose of labeled
dichloromethane from 1 to 50 mg/kg in rats resulted in a lower fraction of the total dose being
metabolized to CO. Single injections of 3 and 6 mmol/kg of dichloromethane in rats resulted in
nearly identical levels of blood COHb (Oh et al., 2002).

In human subjects exposed to dichloromethane in the workplace, saturation of CYP
metabolism appears to be approached at the 400-500 ppm range (Ott et al., 1983c). Blood
samples were drawn during working hours from 136 fiber production workers who were exposed
to dichloromethane, acetone, and methanol. A comparison group of acetate production workers
from another plant exposed only to acetone was also included in this study. TWA exposure
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concentrations for the workers were determined by personal monitoring techniques, and percent
COHbD levels in the blood samples were determined. Estimated TWA concentrations in the
exposed workers followed a bimodal distribution, with a lower mode of exposure concentrations
in the 150-200 ppm range and the higher mode in the range of 450-500 ppm; only 21% (29 out
of 136 workers) were in the 200-400 ppm range. In categorical analyses, the workers were
divided into three groups with 22, 68, and 46 individuals, respectively, in the <100, 100-299,
and >300-ppm groups. Plots of percent COHb against TWA exposure concentrations showed
the appearance of saturation at around 400 ppm, with the beginning of the plateauing occurring
around 300 ppm.

The liver is the tissue most enriched in CYP2EL1 catalytic activity, but CYP2E1 protein
and messenger ribonucleic acid (MRNA) have been detected in other human tissues, including
the lung, brain, kidney, pancreas, bladder, small intestine, and blood lymphocytes (Nishimura et
al., 2003). As such, the liver is expected to be the main site of CYP metabolism of
dichloromethane, but other tissues are also expected to metabolize dichloromethane via this
pathway. Of particular relevance. given the neurologic effects seen with dichloromethane
exposure, are the distribution and inducibility of CYP2EL in different areas of the brain (Miksys
and Tyndale, 2004). Individuals with decreased CYP2E1 activity may experience decreased
generation of CO and an increased level of GST-related metabolites following exposure to
dichloromethane. As a result, these individuals may be more susceptible to the chronic effects of
dichloromethane from GST-related metabolites than individuals with higher levels of CYP2E1
activity. Conversely, individuals with higher CYP2E1 activity may experience relatively
increased generation of CO at a given dichloromethane exposure level and, therefore, may be
more susceptible to the acute toxicity of dichloromethane (e.g., from CO). However, there are
currently no studies that have evaluated dichloromethane and CO effects with variable levels
CYP2E1 activity.

Results from studies examining human interindividual variation in CYP2E1 activities
(e.q., catalytic activities, protein levels, or mMRNA levels) indicate that individuals may vary in
their ability to metabolize dichloromethane through the CYP2E1 pathway. In a study of liver
samples from 30 Japanese and 30 Caucasian individuals, two- to threefold variation was found in
the levels of CYP2EL1 protein, whereas catalytic activity toward substrates associated with
CYP2EL1 (e.g., 7-ethoxycoumarin) displayed a wider range of values, approximately 25-fold; no
clear gender-specific or ethnic differences were found in hepatic levels of CYP2EL protein or
enzymatic activities associated with CYP2E1 (Shimada et al., 1994). In a study of
interindividual variation in 70 healthy human subjects (40 men and 30 women) given an oral
dose of chlorzoxazone, a therapeutic agent whose metabolism and blood clearance has been
related to CYP2E1 levels, a three- to fourfold range in plasma half-life and clearance values was
observed, with no clear or dramatic age- or gender-specific differences (Kim and O'Shea, 1995).
A six- to sevenfold range in chlorzoxazone hydroxylation activity was reported for a group of
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69 healthy, smoking and nonsmoking male and female volunteers with mixed ethnic
backgrounds; the range was markedly increased when a group of 72 alcoholic inpatients was
included (Lucas et al., 1999). In studies of human liver microsomes, four- to sixfold ranges in
CYP2E1-dependent oxidation of trichloroethylene have been reported (2003; Lipscomb et al.,
1997). CYP2EL1 protein levels in 50 specimens of human lymphocytes from healthy individuals
showed an approximate fivefold range (Bernauer et al., 2000), and a 3.7-fold range in liver
CYP2E1 mRNA levels was reported for a group of 24 patients with chronic hepatitis (Haufroid
et al., 2003). More recently, a threefold range was reported for maximal rates of hepatic
CYP2E1-catalyzed metabolism of dichloromethane, estimated with a modified physiologically
based pharmacokinetic (PBPK) model originally developed by Andersen et al. (1987) and kinetic
data (e.g., dichloromethane breath and blood concentrations) for 13 volunteers (10 males and

3 females) exposed to one or more concentrations of dichloromethane by inhalation for 7.5 hours
(Sweeney et al., 2004). In summary, most studies indicate a three- to sevenfold variability in
CYP2E1 activity among “healthy volunteers” as assessed by various types of measurements.
However, various clinical factors (i.e., obesity, alcoholism, use of specific medications) or co-
exposures (i.e., to various solvents) (Lucas et al., 1999) may result in greater variation and thus
the potential for saturation at lower exposures within the general population.

Several genetic polymorphisms for the human CYP2E1 gene have been described, but
clear and consistent correlations with interindividual variation in CYP2E1 protein levels or
associated enzyme activities have not been identified (Ingelman-Sundberg, 2004; Lucas et al.,
1999; Kim and O'Shea, 1995; Shimada et al., 1994). The most frequently studied CYP2E1
polymorphisms, Rsal/Pstl, are located in the 5" -flanking region of the gene, and mutations are
thought to lead to increased CYP2EL protein expression via transcription (Lucas et al., 2001).
Available data indicate that the frequency of this polymorphism, as well as other CYP2E1
polymorphisms, varies among ethnic groups. For example, Stephens et al. (1994) examined
blood samples from 126 African-Americans, 449 European Americans, and 120 Taiwanese
subjects and found frequencies for a rare Rsal allele (C2) of 0.01 in African-Americans, 0.04 in
European Americans, and 0.28 in Taiwanese subjects. In a study of 102 Mexicans, the reported
mutation frequency at the Rsal C2 allele was 0.30 (Mendoza-Cantu et al., 2004).

3.3.2. The GST Pathway

The other major pathway for dichloromethane metabolism involves the conjugation of
dichloromethane to GSH, catalyzed by GST. This results in the formation of a GSH conjugate
that is eventually metabolized to CO, (Figure 3-1). The conjugation of dichloromethane to GSH
results in formation of two reactive intermediates that have been proposed to be involved in
dichloromethane toxicity, S-(chloromethyl)glutathione and formaldehyde. In studies with rat,
mouse, and human liver cytosol preparations in the presence of GSH, examination of metabolites
with [**C]-NMR indicated that S-(chloromethyl)glutathione was an intermediate in the pathway
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to formaldehyde (Hashmi et al., 1994). Formaldehyde formation from dichloromethane has been
noted in human (Bruhn et al., 1998; Hallier et al., 1994; Hashmi et al., 1994), rat, and mouse
(Casanova et al., 1997; Hashmi et al., 1994) cells in vitro. Formation of a free hydrogen ion is
also hypothesized, although no direct evidence supporting this has been presented.

The GST pathway has approximately a 10-fold lower affinity for dichloromethane than
the CYP pathway (Reitz et al., 1989a; Andersen et al., 1987). Although both pathways are
assumed to be operating at all exposures, the CYP pathway is expected to predominate at lower
exposure concentrations, and as exposure concentrations increase, the GST pathway is expected

to gain in relative importance as a dispositional pathway for absorbed dichloromethane. Based
on in vitro studies with liver preparations, the estimated Michaelis-Menten kinetic constant (Ky,)
values in GST assays with dichloromethane were about 137 mM in a B6C3F; mouse preparation
and about 44 mM in two human preparations (Reitz et al., 1989a). In contrast, estimated K,
values in CYP assays were about 1.8, 1.4, and 2.0 mM in B6C3F; mouse, F344 rat, and Syrian
golden hamster preparations, respectively. In four human liver preparations, estimated CYP Ky,
values were about 2.6, 2.0, 0.9, and 2.8 mM (Reitz et al., 1989a). These values estimated for
CYP K, are quite inconsistent, however, with those estimated by fitting the PBPK model to in

vivo data: 7, 6, and 5 uM for the mouse, rat, and human, respectively. A possible resolution of
these apparent in vitro versus in vivo discrepancies in Ky, values is discussed in Section 3.5.5 (in
particular, see Figure 3-6).

Early investigations indicated that in humans, GSTs of the a-, p-, and n-classes were not
responsible for the metabolism of dichloromethane (Bogaards et al., 1993). Tissue samples that
metabolized substrates specific to those GST classes did not conjugate dichloromethane to GSH.
Later investigations identified the recently-characterized GST theta class (Meyer et al., 1991),
specifically GST-thetal-1 (GST-T1), as the GST isoenzyme responsible for the metabolism of
dichloromethane (Mainwaring et al., 1996; Blocki et al., 1994). In the absence of the GST-T1
gene, no deoxyribonucleic acid (DNA)-protein cross-links were formed by human liver cells
exposed to dichloromethane (Casanova et al., 1997), and formaldehyde production was not
detected in human erythrocytes (Hallier et al., 1994). In a mouse model with a disrupted
GST-T1 gene, GST activity with dichloromethane in liver and kidney cytosol samples was
substantially lower compared with wild-type GST mice (Fujimoto et al., 2007).

A polymorphism of the GST-T1 gene has been demonstrated in humans. People with
two functional copies of the gene (+/+) readily conjugate GSH to dichloromethane. Individuals
having only one working copy of the gene (+/-) display relatively decreased conjugation ability.
Individuals with no functional copy of the gene (-/-) do not express active GST-T1 protein and
do not metabolize dichloromethane via a GST-related pathway (Thier et al., 1998b). Results
from studies of GST-T1 genotypes in human blood samples indicate that average prevalences of
the GST-T1 null (-/-) genotype are higher in Asian ethnic groups (47-64%) than in other groups,
including Caucasians (19-20%), African-Americans (22%), and mixed groups (19%) (Raimondi
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et al., 2006; Garte et al., 2001; Nelson et al., 1995) (see Table 3-3). Based on data collected by

Nelson et al. (1995) and ethnicity data from U.S. 2000 census data (and assuming Hardy-
Weinberg equilibrium), Haber et al. (2002) calculated U.S. average distributions of GST-T1
genotypes as follows: 32% +/+; 48% +/-; and 20% -/-.

Table 3-3. Mean prevalences of the GST-T1 null (-/-) genotype in human

ethnic groups

Ethnic group

Reference

Nelson et al. (1995)?

Garte et al. (2001)°

Raimondi et al. (2006)°

Chinese 64.4% (n = 45) Not reported Not reported
Korean 60.2% (n = 103) Not reported Not reported
Caucasian 20.4% (n = 442) 19.7% (n = 5,577) 19.0% (n = 6,875)
Asian Not reported 47.0% (n = 575) 53.6% (n = 1,727)

African-American

21.8% (n = 119)

Not reported

Not reported

Mexican American 9.7% (n=73)
Other Not reported

Not reported
Not reported

Not reported
19.4% (n = 1,485)

*Nelson et al. (1995) examined prevalence of the null GST-T1 genotype from analysis of blood samples from
subjects of various ethnicities as noted above.

"Garte et al. (2001) collected GST-T1 genotype data in Caucasian (29 studies; 5,577 subjects) and Asian (3 studies,
575 subjects) ethnic groups; subjects were controls in case-control studies of cancer and various polymorphisms in
genes for bioactivating enzymes.

‘Raimondi et al. (2006) collected GST-T1 genotype data from 35 case-control studies of cancer and GST-T1
genotype; data in this table are for control subjects. The “other” group in this study is defined as Latino, African-
American, and mixed ethnicities.

Results from a study of the distribution of activity levels for in vitro conjugation of
dichloromethane with GSH in 22 human liver samples are roughly reflective of these estimates
of the distribution of this polymorphism (Bogaards et al., 1993). No activity was found in 3 of
the 22 liver samples. Eleven of the samples showed low activity levels (0.21-0.41 nmol
product/minute/mg protein), and eight samples showed high activity levels ranging from 0.82 to
1.23 nmol/minute/mg protein. In another study of seven human subjects, lysates of erythrocytes
showed high activities for producing formaldehyde from dichloromethane (presumably via
GST-T1) in three subjects (15.4, 17.7, and 17.8 pmol product/minute/mg hemoglobin) and lower
activity in the other four subjects (4.3, 6.0, 7.2, and 7.6 pmol product/minute/mg hemoglobin)
(Hallier et al., 1994).

Comparisons of mice, rats, humans, and hamsters for the ability to metabolize
dichloromethane via the GST pathway in liver and lung tissues indicate that mice appear to be
the most active at metabolizing dichloromethane (Sherratt et al., 2002; Thier et al., 1998b)
(Casanova et al., 1997; Casanova et al., 1996; Hashmi et al., 1994; Reitz et al., 1989a). Reitz et
al. (1989a) reported mean (£ SD) GST enzymatic activity levels with dichloromethane as
substrate (in units of nmol product formed/minute/mg protein) in liver cytosol preparations to be:
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25.9 £ 4.2 units in B6C3F; mice (n = 15 determinations per preparation); 7.05 = 1.7 nmol/
minute/mg in F344 rats (n = 6); and 1.27 = 0.21 nmol/minute/mg in Syrian golden hamsters
(n =6). Mean GST activity levels in liver preparations from four human subjects (accident
victims screened for human immunodeficiency virus and hepatitis B and C and obtained through
a transplant center) were 2.62 £ 0.44 (n = 10), -0.01 + 0.04 (n =6), 2.71 £ 0.45 (n = 6), and
3.03 £ 0.44 nmol/minute/mg (n = 6) (Reitz et al., 1989a). The finding that one of the four
individuals was unable to conjugate dichloromethane with GST was reflective of the estimated
frequency of the GST-T1 null genotype in the U.S. population [approximately 20% in
Caucasians and African-Americans; see Table 3-3 and Haber et al. (2002)]. Mean GST activity
levels in lung cytosol preparations showed a similar rank order among species:
7.3 = 1.4 nmol/minute/mg in mice (n = 4), 1.0 £ 0.1 nmol/minute/mg in rats (n = 4), 0.0 +
0.2 nmol/minute/mg in hamsters (n = 4), and 0.37 £ 0.25 nmol/minute/mg in a pooled lung
preparation from humans (n = 2).

Thier et al. (1998b) conducted a study evaluating the activity of GST-T1 after treatment
of dichloromethane in the cytosol of liver and kidney homogenates from hamsters (pooled male
and females), rats (pooled male and female), male mice, and female mice and for humans

classified as nonconjugators, low conjugators, or high conjugators of GST to dichloromethane.
Little information is provided about the human samples other than that 13 kidney cancer patients
were the source of the kidney samples; normal tissue identified by pathological exam was used.
Blood samples from 10 of these patients were collected, and enzyme activities measured in
erythrocytes from 9 of these samples were reported. Results of conjugation of dichloromethane
to GSH from these studies are presented in Table 3-4. As can be seen from the table, activity
levels (expressed as nmol/minute per mg of cytosolic protein) of humans varied considerably,
with nonconjugators (presumed to be GST-T17") having no detectable activity, low conjugators
(presumed to be GST-T1*") having moderate activity, and high conjugators (presumed to be
GST-Tl*’*) having approximately twice the activity seen in low conjugators. In the liver, the
activity of rat GST conjugation was over twofold that seen in human high conjugators, while
levels in mice were >11-fold (males) or 18-fold (females) greater than those of human high
conjugators. In the kidney, the activity of high-conjugator humans was approximately 1.8-fold
that of rats and was comparable to the activity of both male and female mice. The data in

Table 3-4 show the following order for GST-T1 activities with dichloromethane as substrate: in
liver preparations, mouse >> rat > human high conjugators > human low conjugators > hamster
> human nonconjugators and, in kidney preparations, female mouse ~ male mouse ~ human high
conjugators > rat ~ human low conjugators > hamster > human nonconjugators. In addition, the
data indicate that activity levels in liver, kidney, and erythrocytes of human subjects are in
correspondence with the nonconjugator, low conjugator, and high conjugator designations.
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Table 3-4. GST-T1 enzyme activities toward dichloromethane in human,
rat, mouse, and hamster tissues (liver, kidney, and erythrocytes)

Activity (nmol/min per mg protein)? Activity (nmol/min per mL)?
Liver Kidney Erythrocytes
Human, nonconjugators Not detectable (2) Not detectable (1) Not detectable (1)
Human, low conjugators 0.62 +0.30 (11) 1.38£0.52 (8) 9.67 £ 2.49 (5)
Human, high conjugators 1.60£0.48 (12) 3.05+0.72 (4) 18.28 + 0.46 (3)
Rat 3.71+£0.28 (8) 1.71+£0.28 (8) Not measured
Mouse, male 18.2£2.22 (5) 3.19+0.46 (5) Not measured
Mouse, female 29.7+6.31 (5) 3.88+£0.90 (5) Not measured
Hamster 0.27 £ 0.20 (6) 0.25+0.21 (6) Not measured

®Mean + SD with number of samples noted in parentheses.

Source: Adapted from Thier et al. (1998b).

Sherratt et al. (2002) reported that, on a per mg basis, native recombinant mouse GST-T1
(purified after expression in Escherichia coli) was approximately twofold more active toward
dichloromethane than native recombinant human enzyme, as well as being approximately
fivefold more efficient (as assessed by the ratio of kc./Krm), where ke is the maximum rate of the
reaction catalyzed by the enzyme per enzyme molecule; i.e., Vimax/Et Where E; is the total enzyme
concentration).

The distribution of GST-T1 in human tissues has been examined with antibodies raised
against recombinant human GST-T1 (Sherratt et al., 2002; Sherratt et al., 1997).
Immunoblotting of sodium dodecyl sulfate polyacrylamide gel electrophoresis gels loaded with
tissue extracts from a 73-year-old man who had died with bronchopneumonia and atherosclerosis
indicated the following order of expression of GST-T1: liver = kidney > prostate =~ small
intestine > cerebrum =~ pancreas ~ skeletal muscle > lung ~ spleen = heart = testis (Sherratt et al.
1997). It was estimated that the levels of cross-reacting materials in the cerebrum, pancreas, or
skeletal muscle extracts were about 10% of those in the liver, whereas levels in the lung, spleen,
heart, and testis were <5% of the levels in the liver. Comparison of the amounts of cross-
reacting material in soluble liver extracts from a B6C3F; mouse and five human subjects (i.e.,
normal liver tissue samples from biopsies of secondary liver tumors) found that levels of GST-
T1 protein were higher in the mouse extracts than in any of the human liver extracts (Sherratt et
al., 2002). Densitometer analysis indicated that the GST-T1 level in the mouse liver extract was
about fivefold higher than those in human liver extracts displaying the highest level. Cross-
reacting material was not detectable in liver extracts from one of the five human subjects,
indicating that this individual may have been GST-T1 null (Sherratt et al., 2002).

Results from in situ hybridization with oligonucleotide antisense probes for GST-T1
MRNA levels and immunohistochemical studies with antibodies to GST-T1 have indicated that
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there may be subtle differences between mice, rats, and humans in the intracellular localization
of GST-T1 in the liver. Mainwaring et al. (1996) reported that staining for GST-T1 mRNA was
higher in liver slices from B6C3F; mice than in liver slices from F344 rats and that staining in
human liver samples was very low. Although the number of mouse and rat liver samples
examined in this study was not indicated in the available report, it was reported that slices from
five human liver samples were examined. No information was provided regarding the clinical
history of the sources of the human samples. In mouse liver, staining for GST-T1 mRNA was
enhanced in the limiting plate hepatocytes, in nuclei, in bile-duct epithelial cells, and in lesser
amounts in the centrilobular cells in general. In rat liver, a similar pattern was observed, except
no enhanced staining was observed in the limiting plate hepatocytes or in nuclei. Staining for
GST-T1 mRNA in the human liver samples showed an even distribution throughout the liver
lobule, and no mention of a specific nuclear localization was made (Mainwaring et al., 1996).
Quondamatteo et al. (1998), using antibodies to GST-T1, subsequently reported a similar
localization of GST-T1 protein in nuclei of cells in mouse liver slices. In another study using
antibodies raised against recombinant human GST-T1 or a peptide derived from the deduced
mouse GST-T1 primary sequence, Sherratt et al. (2002) reported that nuclear staining was
observed in all cells in mouse liver slices (from five individual B6C3F; mice) showing the
presence of mouse GST-T1,; staining in the cytoplasm was only detected in cells with very high
levels of GST-T1. In liver slices obtained from two human subjects (males, ages 60 and
61 years, with a secondary liver tumor and what was described as a “cavernous hemangioma”
without malignancy, respectively), the most intense nuclear staining was associated with bile
duct epithelial cells, but there was heterogeneity of staining within hepatocytes; some cells
showed nuclear staining, but others only exhibited cytoplasmic staining (Sherratt et al., 2002).
In summary, the relative amount of dichloromethane metabolized via the GST pathway
increases with increasing exposure concentrations. As the high affinity CYP pathway becomes
saturated (either from high exposure levels or from genetic or other factors that decrease
CYP2EL1 activity), the GST pathway increases in relative importance as a dispositional pathway
for dichloromethane. Two reactive metabolites (S-(chloromethyl)glutathione and formaldehyde)
resulting from this pathway have been identified. GST-T1 is the GST isozyme that catalyzes
conjugation of dichloromethane with GST. Interindividual variation in the ability to metabolize
dichloromethane via GST-T1 is associated with genetic polymorphisms in humans. Estimated
U.S. population prevalence of nonconjugators (-/- at the GST-T1 locus) is about 20%, but higher
prevalences (47-64%) have been reported for Asians (Raimondi et al., 2006; Haber et al., 2002;
Garte et al., 2001; Nelson et al., 1995). The prevalences for low (+/- at the GST-T1 locus) and
high (+/+) conjugators have been estimated at 48 and 32%, respectively (Haber et al., 2002).
The liver and kidney are the most enriched tissues in GST-T1, but evidence is available for the
presence of GST-T1 in other tissues at lower levels, including the brain and lung. In humans,
GST-T1 expression in the brain is lower than that seen in the liver or kidney but higher than in
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the lung. Comparisons of mice, rats, humans, and hamsters for the ability to metabolize
dichloromethane via the GST pathway in liver (based on measurement of tissue-specific enzyme
activity) indicate the following rank order: mice > rats > or = humans > hamsters. In mouse
liver tissue, GST-T1 appears to be localized in the nuclei of hepatocytes and bile-duct
epithelium, but rat liver does not show preferential nuclear localization of GST-T1. In human
liver tissue, some hepatocytes show nuclear localization of GST-T1 and others show localization
in cytoplasm, as well as in bile duct epithelial cells. The apparent species differences in
intracellular localization of GST-T1 may play a role in species differences in susceptibility to
dichloromethane carcinogenicity if nuclear production of S-(chloromethyl)glutathione is more
likely to lead to DNA alkylation than cytoplasmic production.

3.4. ELIMINATION

Dichloromethane is eliminated mainly through exhalation either of the parent compound
or as the two primary metabolites, CO, and CO (Angelo et al., 19864, b; McKenna et al., 1982;
DiVincenzo and Kaplan, 1981; DiVincenzo et al., 1972, 1971). In human studies,
dichloromethane is rapidly eliminated from the body following the cessation of exposure, with
much of the parent compound completely removed from the bloodstream and expired air by
5 hours postexposure in experiments using exposure levels of 90, 100, or 210 ppm (DiVincenzo
etal., 1972, 1971; Riley et al., 1966). Studies in rats have similarly demonstrated that
elimination from the blood is rapid, with elimination half-times in F344 rats on the order of 4—
6 minutes following intravenous doses in the range of 10-50 mg/kg (Angelo et al., 1986a). In a
study using Sprague-Dawley rats, Carlsson and Hultengren (1975) demonstrated variability in
elimination rates between different types of tissues, with the most rapid elimination seen in the
adipose and brain tissue, and slower elimination from liver, kidneys, and adrenals.

In a study using human volunteers, DiVincenzo and Kaplan (1981) reported a dose-
related increase in CO in the expired breath after inhalation exposure to 50-200 ppm of
dichloromethane, with a net elimination as CO on the order of 25-35% of the absorbed dose.
Similar results have been reported in animal studies. Following gavage administration of 50 or
200 mg/kg-day doses of [**C]-labeled dichloromethane in water to groups of six mature male
F344 rats for up to 14 days, >90% of the label was recovered in the expired air within 24 hours
of dose administration (Angelo et al., 1986b). Following administ